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Abstract: A clear understanding of pedestrian crossing behavior under mixed traffic conditions is nee-
ded for providing necessary infrastructure and also for enhancing pedestrian safety at signalized
intersections. This paper attempts to analyze the crossing behavior of pedestrians like crossing speed,
compliance with signal, and pedestrian-vehicular interaction under mixed traffic conditions and to iden-
tify the influencing factors based on statistical tests. 775 pedestrian samples were observed from three
signalized intersections in Mumbai. India for analyzing crossing behaviors and the significant factors
affecting traffic signal compliance by pedestrians were identified by conducting Pearson's correlation co-
efficient test, ANOVA test, and Student t test. Factors influencing pedestrian crossing speed had been
studied and a design crossing speed had been determined for old and adult pedestrians at O. 95 mls and
1.12 mls respectively. Logistic regression models had been developed in which the odds of pedestrian
violation and interactions were modeled and verified. This study can help researthers and practitioners
to understand pedestrian crossing behavior at signalized intersections and develop pedestrian delay mod-
els under mixed traffic conditions.
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1 Introduction
Traffic research on roadways has always been on ve-
hicles. Concerns for the safety, comfort, and conven-
ience of pedestrian have often come secondly while
designing roadways. One of the major reasons is the
complexity involved in modeling pedestrian behavior.
Complexity arises from multiple parameters which af-
fect the pedestrian crossing behavior and are very dif-
ficult to identify. At signalized intersections, pedestri-
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an travel is very high in highly populous cities with
least amount of safety measures provided to them.
Signal phases have been provided to control the inter-
action between pedestrians and vehicles at signalized
intersections crosswalk where they share the same
road space. Still pedestrian-vehicular interactions oc-
cur due to pedestrian noncompliance behavior with
traffic signals. Major reasons for pedestrian noncom-
pliance with traffic signals are low quality traffic man-
agement, traffic volume and longer cycle time. Apart
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from these, there are many other factors that affect
the pedestrian non compliance behavior with signals
and interactions but have not been taken into account
in existing studies.
Pedestrian crossing speed is one of the significant
design parameters while designing signalized intersec-
tion infrastructures in traffic engineering. Pedestrian
crossing speed has been found varying largely from the
existing manual Indian Road Congress (IRC) esti-
mated walking speed at crosswalks of 1. 2 m/s (Indian
Road Congress 1985). This constant value is not
applicable for dynamic traffic conditions prevailing at
signalized intersections. Pedestrian crossing speed
varies with regard to the pedestrian characteristics and
behavior. To improve pedestrian safety, transportation
planners and engineers are predominantly concerned with
understanding and modeling pedestrian crossing behavior
so as to increase the walkability and also to reduce the
interaction between pedestrians and vehicles at signalized
intersections under mixed traffic conditions.
2 Literature review
Pedestrian behavior analyses have great implications
for transportation and urban planning policies and de-
sign practices (Laxman et al. 20 III ). Many of the
existing studies have examined only the pedestrian
characteristics and pedestrian flow characteristics in
sidewalks and walkways (Laxman et al. 2010; Yord-
phol et al. 1986). Very few studies have analyzed
pedestrian flow characteristics at signalized intersec-
tions for the development of pedestrian models for
evaluating walking facilities (Lam et al. 2002; Lipo-
vac et al. 2(13). Few researches studied pedestrian
noncompliance behavior at signalized intersections for
the purpose of pedestrian speed flow relationship de-
velopment (Zhou et al. 2(11) and delay model de-
velopment (Li et al. 2005; Marisamynathan and
Vedagiri 2013 ). Pedestrian crossing behaviors were
examined and factors affecting pedestrian crossing be-
haviors were identified for the improvement of pedes-
trian safety at signalized intersections (Lee and Lam
2008; Ren et al. 2(11).
From the above mentioned existing studies, majori-
ty of the factors that have been neglected about pedes-
trian crossing behavior have been identified. Further-
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more, there has not been a study that has examined
pedestrian crossing speed variation and pedestrian-ve-
hicular interaction in crosswalks of signalized intersec-
tions with affective factors such as pedestrian charac-
teristics, behavior, and traffic characteristics. This
paper examines all possible parameters that influence
pedestrian crossing behaviors.
3 Research objectives
The objectives of this study are as follows: (a) ex-
amine the effects of pedestrian and traffic characteris-
tics on pedestrian crossing behavior; (b) identify the
factors that dominantly affect pedestrian crossing
speed in the crosswalks at signalized intersections;
( c) determine the most significant factors affecting
pedestrian compliance rate and identifying of reasons
for pedestrian noncompliance; and (d) obtain the
factors influencing pedestrian-vehicular interaction in
the crosswalks of signalized intersections under mixed
traffic conditions.
4 Data collection
Data were collected at 3 signalized intersections in
highly populous city Mumbai, India. Signalized inter-
section sites choscn were of a typical four ann type
with fixed traffic signal cycle lengths. Two video
cameras had been set up at selected crosswalks of
each intersection and one hour videography surveys
were conducted at each site during morning and eve-
ning peak hours. A detailed description about the
study sites and samples collected are shown in Tab. 1.
The value of CSDF is calculated by Eq. ( 1 ). Pedes-
trian crossing behaviors were examined from the field
video data by direct observation. The video recording
offered infonnation about pedestrian crossing vol-
urnes, crossing time, pedestrian appearance (like
gender and age group), crossing behavior (such as
walking or running, alone or in groups and crossing
speed variations), crossing locations (whether using
the crosswalk or not) , pedestrian crossing phase time
( whether pedestrians cross during green phase or non-
green phase) and pedestrian-vehicle interaction in
crosswalks. The various variables used in this study
are shown in Tab. 2 along with their respective defini-
tions and parameters.
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Tab. 1 Infonnations of selected study sites and pedestrian crossing speeds
Location 2 3
Intersection Swami Vivekanand Junction Mahim Junction Holkar Junction
Time of survey 8 :30-9 :30 9:00-10:00 17 :00-18 :00
Crosswalk length (m) 26.5 13.5 31. 5
No. of samples 166 272 337
Direction One Two Two
Mean speed (mI s ) 1.354 1. 215 1.4394
SD 0.3545 0.2295 0.3209
VIS (mls) 1.0884 1. 0000 1. 1667
V50 (mls) 1. 2792 1.2273 1.3696
V8S (mls) 1.5776 1.4362 1.6579
CSDF 0.3824 0.3554 0.3586
Tab. 2 List of variables and their definitions and parameters
105
Variable
Gender
Age
Group
Crosswalk marking
Direction
Crossing speed
Approaching vehicle direction
Approaching vehicle
Gap
Run/wall(
Waiting time
Departure signal
Definition / Parameters
o for male pedestrian and 1 for female pedestrian
o for old pedestrian. 1 for adult pedestrian and 2 for child pedestrian
I for single pedestrian and 0 for multi pedestrians
o for pedestrian crossing in unmarked area and 1 for pedestrian walking in crosswalk marked area
o for pedestrian upstream to downstream movement ( U2D) and I for pedestrian downstream to upstream move-
ment (D2U)
Pedestrian crossing speed (mIs)
Pedestrian finding suitable gap from approaching vehicle and start crossing during pedestrian non-green phases.
o for turning vehicle and 1 for through movement vehicles
Pedestrian accepting vehicle to cross the crosswalk during pedestrian non-green phases. 0 for car. 1 for auto/
van, 2 for taxi. 3 for two wheeler and 4 for HCV
Time difference between pedestrian departing time and first approaching vehicle to reach the pedestrian crosswalk
o for pedestrian travelling the crosswalk by running and 1 for pedestrian travelling by walking
Pedestrian waiting to enter the crosswalk from non-green phase to green phase
o for pedestrian entering the crosswalk and starting to cross during pedestrian non-green phase and 1 for pedestri-
an starting to cross during pedestrian green phases
5 Pedestrian crossing behavior
The field study conducted in Mumbai shows that the
crossing speed of pedestrians varies largely from the
assumed constant value of 1. 2 m/s (Indian Road
Congress 1985). Crossing time is the time that the
pedestrian uses to travel in the crosswalk without wait-
ing time. Crossing distance is the length of the cross-
walk, which was collected by field measurement.
Crossing speed was defined as the crossing distance
divided by the crossing time. Mean crossing speed,
standard deviation, variance, 15th, 50th and 85 th
percentile speed were calculated by using collected
data and shown in Tab. 1. The pedestrian compliance
behavior had been determined by direct observation
from the field video data. Pedestrians using the
crosswalk during pedestrian green phase were con-
sidered as compliance pedestrians while those who
used crosswalk during non-green phase were con-
sidered as noncompliance pedestrians. The percent-
age of pedestrian compliance was defined as the ra-
tio between the number of pedestrians using the cr-
osswalk during green phase and total number of pe-
destrians that arrived at crosswalks. 775 pedestrians
were clearly observed from video recording to find
detailed information about pedestrian crossing be-
havior. Pedestrian characteristics and behavior in-
formation are shown in Tab. 3.
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Tab.3 Pedestrians classified by their characteristics and behaviors
Marisamynathan et al.
Characteristic
Behavior
Observed parameters
Gender
Age Group
Crossing type
Crossing speed
No. of pedestrian
Crosswalk utilization
Compliance
No. of observed pedestrians Percent
Male 599 77.29
Female 176 n.71
Child 38 ·L90
Adull 631 81.42
Old 106 13.68
Walk 622 80.26
Run 153 19.74
<1.0 62 8.00
1.0-1.2 Ii'll 23. 35
1.2-1.4 261 33.68
1.4-1.6 164 21. 16
More than 1. 6 107 13.81
Single 604 77.94
In group 171 22.0h
Yes 604 77.94
No 171 n.06
Compliance with signal phases 341 44.00
Noncompliance with signal phases 434 56.00
The statistics from the observed data show that the
proportion of male pedestrians is higher than female
pedestrians during peak hours and proportion of adult
pedestrians is the largest comparing to children and
old people. The data indicates that pedestrians are in-
terested to walk during crossing rather than running
with 30% of pedestrians crossing the crosswalks at
various crossing speeds ranging from 1. 2-1. 4 m/s.
The average pedestrian crossing speed is found to be
1. 34 m/s. Only 78 % of pedestrians have been found
to utilize the crosswalk. The percentage of pedestrians
complying with traffic signals is 44%, indicating
higher noncompliance behavior being prevalent in
highly populous regions during peak hours. The com-
pliance rates in Swami Vivekanand Junction, Mahim
Junction, and Holkar Junction are 64%, 43%, and
34% respectively. From a socio-economic point of
view. Holkar Junction. a well-known commercial ar-
ea in Mumbai, has the lowest compliance rate due to
larger pedestrian flow and long cycle time for pedes-
trian non-green phase.
6 Pedestrian crossing speed
This analysis is focused on the pedestrian crossing
speed variations and factors affecting pedestrian cross-
ing speed at signalized intersections. A total of 775
pedestrians were considered for crossing speed
analysis. Average crossing speed varies between 1. 2-
1. 4 m/s. The field observed average crossing speed
of 1. 34 m1s matches well with field value of 1. 33
mIs measured in China (Li et al. 2005), which is
also a highly populous region.
The crossing speed variation is defined as the
difference between the 85th and 15th percentile
speed. A new factor termed as crossing speed devia-
tion factor (CSDF) is established and defined as the
ratio of the crossing speed variation and average
crossing speed (Rengaraju and Rao 1995).
CSDF = (Vss - VIS )IVso ( I )
CSDF is used for a better understanding about pe-
destrian crossing speed variations and the effect of pe-
destrian volume on pedestrian crossing speed. The re-
lationship between pedestrian volume per hour (QPed)
and CSDF is stated in Eg. (2). And the values are
shown in Fig. 1. A model fit has been made which is
also shown in the same plot.
CSDF =- O. 002QPed +O. 408 R2 =O. 926 (2)
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Fig. 1 Relation between pedestrian volume and CSDF
From Fig. 1 , it is clear that an increasing pedestrian
volume corresponds to decreasing pedestrian crossing
speed deviation. The major reasons are platoon and
directional effect. When there is low volume of pe-
destrians , pedestrian crossing speed is independent
and pedestrians never face platoon and directional
effect. Thus a large deviation is possible due to irreg-
ularity of the crossing speeds of pedestrians. When
there is high volume of pedestrians, platoon and di-
rectional effect forces pedestrians to depend on each
other. The crossing speed of the group is now estab-
lished by the leading pedestrian or by the approaching
pedestrians from the other side forcing the deviation to
be the same or low for both sides of pedestrians in the
crosswalk.
The pedestrian crossing speed is analyzed using
ANOVA test to investigate the main factors that affect
the crossing speed at signalized intersections. The
ANOVA test was performed using SPSS 16. 0 soft-
ware. Gender, age group, group size, and signal
phase during pedestrian departure are the parameters
considered for ANOVA test based on literature review
inferences. This test has been performed at 95% con-
fidence interval and statistical results are shown in
Tab. 4. Of the above mentioned factors, the signifi-
cant factors are pedestrian gender, age, and departure
signal.
As expected, pedestrian gender had the most signif-
icant effect on crossing speed. The male pedestrian
crossing speed was always faster than the female pe-
destrian crossing speed. It is to be noted that pedestri-
an age had the significant effect on crossing speed as
well. The F value is greater than table value and P
value is more than O. 05 in all locations. Adult pedes-
trians make the largest portion in the classification and
have the fastest crossing speed compared to child and
old pedestrians. Average crossing speed of old pedes-
trian is slower than that of child pedestrians. As ex-
peeted , the pedestrian crossing speed of a group is
slower than that of a single pedestrian. But the result
is not significant and it indicates no much more differ-
ences between both parameters of crossing speed.
Signal phase during pedestrian departure has signifi-
cant impact. The effect of traffic signal on crossing
speed is prominent in location 1. It is found from a-
nalysis that pedestrian crossing speed during non-
green phase is faster than that during green phase.
The major reason for this is that pedestrians are al-
ways in a hurry to cross and do not comply with sig-
nal during non-green phase. Pedestrian crossing speed
for design purposes has been obtained and has been
found to vary at O. 95-1. 12 mls.
Tab. 4 Results of ANOVA test on factors
influencing crossing speed variations
Factor F critical F table P value Remarks
Gender 24.902 3.842 0.000 Significant
Age 21. 427 3.842 0.000 Significant
Group 0.008 3.842 0.930 Not significant
Departure signal 15.801 3.842 0.000 Significant
7 Pedestrian crossing compliance
During pedestrian non-green phases, pedestrians are
prohibited to enter the intersection. But it is observed
during the surveys that pedestrian are in noncompli-
ance with traffic signal for various reasons. Pedestrian
noncompliance rates are 36 % , 56 % , and 66 % at lo-
cations 1 , 2, and 3 respectively.
Pedestrian compliance behaviors are analyzed using
Pearson's correlation coefficient, ANOVA test, and
Student t test to investigate the main factors that affect
the pedestrian compliance with traffic signals at sig-
nalized intersections. Gender, age, group, number of
pedestrians and crossing speed are the parameters con-
sidered for statistical test. All tests are performed in
SPSS 16.0 software at 95% confidence interval. The
statistical results are shown in Tab. 5.
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Tab. 5 Results of statistical test of factors
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Pearson correlations
Factors
Coefficient P value
Gender' -no 132 U.OUU
Age" -0.029 U.422
Group" 0.079 0.027
No. of pedestrians' o.nn 0.010
Crossing speedb -0.051 0.155
Note: ' Signiticam; b Not significant.
From Tab. 5, it is clear that pedestrian gender and
group size have significant effect on pedestrian com-
pliance behavior. From statistical results, gender has
the most significant effect on pedestrian compliance
rate. The male pedestrians has higer noncompliance
percentage with traffic signal compared to female pe-
destrians. Single pedestrian noncompliance is higher
than that of a platoon due to freedom from platoon
and directional effects.
Apart from the above mentioned factors, miscella-
neous factors such as traffic signal cycle length and
pedestrian non-green phase time also have significant
effects on pedestrian compliance behavior. Pedestrian
non-compliance rate are found to proportionately in-
crease with the cycle times at signalized intersections.
An increment in the waiting time could be considered
as a decrement in the pedestrian complaince rate. The
major reason for pedestrian noncompliance with traffic
signals is to reduce waiting time delay at signalized
intersections.
8 Pedestrian vehicular interaction
During pedestrian green phase, pedestrian-vehicle in-
teractions might occur due to driver's noncompliance
behavior and the vice-versa occur during the pedestri-
an non-green phase due to pedestrians' non-compli-
ance behavior.
Pedestrian vehicular interaction was analyzed using
Pearson's correlation coefficient and ANOVA test to
investigate the main factors that affect the pedestrian
compliance. The statistical results are shown in Tab. 6.
From Tab. 6, the factors, approaching vehicle and
suitable gap, have significant effects on pedestrian-
vehicular interactions in crosswalks. Less suitable gap
implies more frequent interaction of pedestrians and
ANOVA Student t test
F value Sig. P value
13.747 O.OUO -3.71 0.000
2.462 0.086 0.48 0.630
4.888 0.027 2.21 11.1127
4.793 0.009 J.07 0.002
I. 401 o.onl -2.67 n.008
vehicles and thus the correlation coefficient is of nega-
tive sign.
Tab. 6 Statistical results of factors affecting
pedestrian vehicle interaction
Pearson's correlation ANOVA test
Factors Remarks
Coefficient P value F value Sig.
Group o. 196 O. 141 2. 228 O. 141 Not significant
Approaching
-0.077 0.564 II.JJ7 0.564 Not significant
vehicle direction
Approaching
0.31-1 11.017 3.578 n.n16 Significant
vehicle
Suitable gap -0.410 n.OOI 2.502 11.1146 Significant
9 Logistic regression model
To identify the significant influence factors on pedes-
trian crossing behavior, a one-way analysis of vari-
ance (ANOVA) , Pearson's correlation coefficients,
and Student t test were first performed. Further analy-
sis was performed by developing a logistic regression
model and odd ratio (OR) was used to describe the
effect between two groups. The OR is the ratio of the
odds that an event will occur in one group to the odds
that an event will occur in another group. Logistic re-
gression measures the relationship between dependent
variables and independent variables. The probability
of parameter i with choosing behavior c is based on
independent variables (Xi) and their relationship is
expressed as:
P( y; =c) =exp(f3cx;) / I exp(f3I X j)
c =O,I,···,C (3)
Odds = Ig(Pj/Pj) c=j,j =O,l,"',C (4)
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where C is the number of variables considered.
OR value greater than one and coefficient b greater
than zero denotes a positive effect whereas OR less
than one and coefficient b less than zero denotes the
negative effect. The equal effect is represented when
OR is equal to one and coefficient b equals zero.
Higher OR value implies more significant effect of the
variable.
To understand the significant effects by the varia-
bles in the factors affecting pedestrian noncompliance
and pedestrian vehicular interaction, logistic regres-
sion models were developed and verified by using
SPSS 16. 0 software. The pedestrian noncompliance
behavior and pedestrian-vehicular interaction is like a
nested model. Thus a noncompliance logistic model
has been developed from the overall 775 samples. It
is seen that 434 pedestrians did not comply with traffic
signal. By using the 434 pedestrians' noncompliance
behavior samples, an interaction logistic model has
been developed. 141 pedestrians were found to have
interactions with vehicles. Finally the logarithmic
odds of pedestrian noncompliance and interaction
were modeled with various characteristics and the re-
sults are shown in Tab. 7.
Tab. 7 Parameters and OR values from logistic regression model
Noncompliance logistic model results Interaction logistic model results
Parameter Character
Estimate SE OR Estimate 5E OR
Intercept 1. 135 0.423 0.263 1. 477
Gender F vs. M -0.564 0.157 0.569 -0.630 1.223 0.533
o vs. C -0.609 0.462 0.544 0.615 1.675 1.850
Age
A vs. C -0.777 0.421 0.460 2.089 1.505 8.074
Group G vs. 5 0.357 0.185 1.429
Direction Turning vs. Through -0.525 0.770 0.591
Note: Male (M). Female (F). Child (C), Adult (A). Old (0). Group (G). Single (5).
From Tab. 7 , it is seen that females have less odds
of noncompliance and interaction than male pedestri-
ans. Male pedestrians have higher noncompliance rate
with traffic signals and are found to fonn a major
portion of pedestrian interactions with vehicles. Adult
pedestrians have much higher odds (8.074) of inter-
action than children and old pedestrians. During pe-
destrian noncompliance, turning direction variable in
accepting vehicle factor has fewer odds (0. 591) of
interaction than through movement variable in the
same factor. The logarithmic likelihood value of non-
compliance model and interaction model were 53. 077
and 16.808 respectively at 95% confidence interval.
10 Conclusions
In this paper, crossing behaviors of 775 pedestrians
were analyzed at signalized intersections in Mumbai,
India. Based on the conducted statistical tests, the
significant factors affecting the pedestrian crossing
speed variations, compliance behavior, and pedestrian-
vehicular interactions were identified and tabulated.
The major findings of this paper are: pedestrian cross-
ing speed of a male is faster than that of a female.
Pedestrian age and departure signal phase have more
significant impact on crossing speed variations. Gen-
der and group size of pedestrians are significant fac-
tors affecting the pedestrian compliance behavior. Ap-
proaching vehicle type and suitable gap between the
pedestrian and the vehicle are identified as the influen-
cing parameters in pedestrian-vehicular interactions.
Logistic regression models were developed with mod-
eling of odds of pedestrian noncompliance, and of in-
teraction. This paper provides an analysis of various
pedestrian crossing behaviors at signalized intersec-
tions under mixed traffic conditions, and it is helpful
to develop pedestrian delay models and pedestrian lev-
el of service models at signalized intersections. Pedes-
trian-vehicular interaction and the influencing factors
were analyzed in this paper and could provide some
valualble insights for improving pedestrian safety at
signalized intersections. This work can further be ex-
tended by taking a much larger sample thereby giving
better statistics results. Analyzing the pedestrian
crossing behavior including pedestrian arrival pattern
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with influencing parameters would increase the robust-
ness of this work in future.
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